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Design and Evaluation of Control Algorithms
for MEMS Devices in MATLAB/Simulink
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The field of Micro-Electro-Mechanical Systems (MEMS) Has witnessed
significant advancements in recent years, enabling the development of
miniaturized devices with diverse applications. Efficient control algorithms
play a crucial role in optimizing the performance of MEMS devices,
ensuring accurate sensing and actuation capabilities. This paper presents
the design and evaluation of control algorithms for MEMS devices using
MATLAB/Simulink, a versatile simulation environment. The proposed
research focuses on the development of control algorithms tailored
specifically for MEMS devices. The design process involves modeling
the MEMS system in MATLAB/Simulink and incorporating real-world
constraints and dynamics. To evaluate the performance of the control
algorithms, extensive simulations are conducted. The outcomes of this
research provide valuable insights into the design and evaluation of
control algorithms for MEMS devices in MATLAB/Simulink. The results
demonstrate the effectiveness and efficiency of the developed algorithms in
enhancing the performance of MEMS systems. Furthermore, the research
contributes to expanding the knowledge base of MEMS control design,
paving the way for advanced applications and innovations in this rapidly
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1. INTRODUCTION

Micro-Electro-Mechanical Systems (MEMS) have gained significant attention in various applica-
tions, ranging from biomedical devices to consumer electronics. These miniature devices integrate
electrical and mechanical components on a microscopic scale, enabling a wide range of functionalities.
Efficient control of MEMS devices is crucial for their optimal performance and reliable operation [1].
Developing control algorithms for MEMS devices involves designing strategies that manipulate their
mechanical and electrical properties to achieve desired outcomes or responses.

MATLAB/Simulink is a widely used software environment for modeling, simulating, and analyzing
dynamic systems, making it highly suitable for control algorithm development. The objective of this
research is to design and evaluate control algorithms specifically tailored for MEMS devices using
MATLAB/Simulink. The proposed algorithms are aimed at addressing various control challenges
commonly encountered in MEMS applications, such as precise positioning, vibration control, and
stabilization. In this paper, we present an overview of the process involved in designing and evaluating
control algorithms for MEMS devices within the MATLAB/Simulink environment [2].

We discuss the key steps, including modeling the MEMS device’s dynamic behavior, designing
the control algorithm based on system requirements, and simulating the algorithm’s performance
using realistic inputs and sensor feedback. Furthermore, the paper highlights the advantages of
adopting MATLAB/Simulink for developing MEMS control algorithms. The software’s rich set of
tools and libraries provide a convenient platform for algorithm implementation, system analysis,
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TABLE I: CoMPARISON OF MEMS AND MICROELECTRONICS

Criteria Microelectronics MEMS
Feature size Submicron 1-3 pm
Device Submicron ~50 pm-1 mm
Materials Silicon based Varied (silicon, metals, plastics)
Fundamental Limited set: transistor, capacitor, resistor Widely varied: fluid, mechanical, optical,
devices electrical elements (sensors, actuators, switches,
mirrors, etc.)
Fabrication Standardized: planar silicon process Varied: three main categories of MEMS
process fabrication processes plus variants: Bulk

micromachining Surface micromachining LIGA

MEMS
Optical
Displays

1 10 102 10° 104 105 10° 107 108

Number of Devices per Chip

Fig. 1. MEMS and microelectronic device integration levels.

and optimization. Additionally, the availability of various simulation and visualization capabilities
facilitates a comprehensive evaluation of the algorithm’s performance. The evaluative measures of the
suggested control algorithms, including settling time, positioning accuracy, and response speed, are
assessed through the comparison of their performance metrics against established benchmarks. The
assessment aims to determine the effectiveness and efficiency of the proposed control algorithms.

This evaluation process helps validate the algorithms’ effectiveness and demonstrates their potential
for real-world implementation. Overall, this paper aims to contribute to the advancement of MEMS
device control by showcasing the design and evaluation process of control algorithms using MAT-
LAB/Simulink. The results and insights gained from this research can significantly benefit researchers
and engineers working on MEMS applications, providing them with valuable guidelines for developing
robust and effective control strategies [3].

2. CHALLENGES OF MEMS

The field of Micro-Electro-Mechanical Systems (MEMS) is experiencing significant growth and
finding applications in various product lines. This growth has been possible due to the integration of
technology and tools from the microelectronics industry in a mutually beneficial manner. However, it
is important to note that MEMS and microelectronics have fundamental differences. Table I compares
the devices and technologies used in the fields of MEMS (Microelectromechanical Systems) and
microelectronics. On the other hand, Fig. 1 depicts the levels of device integration in these two fields.

The microelectronics industry is vast and relies on a limited set of fundamental devices that are
manufactured through a standardized fabrication process. Its commercial success hinges on the reliable
interconnection of numerous electronic devices, such as transistors, capacitors, and resistors, on a
single chip. This enables the creation of various microelectronic applications including logic circuits,
amplifiers, and computer processors, among others. The advancement of fabrication tools, allowing
for the production of smaller circuit elements and the development of faster and more complex
microelectronic applications, plays a crucial role in driving Moore’s Law, which predicts exponential
growth in this field [1], [4].

In contrast, the commercial success of the MEMS industry comes from its ability to address a
wide range of applications, including accelerometers, pressure sensors, mirrors, and fluidic channels.
However, unlike microelectronics, there is no singular fundamental unit cell or standard fabrication
process for MEMS device construction. Furthermore, the pursuit of smaller devices in microelectronics
that leads to increased speed and complexity does not directly apply to MEMS devices due to scaling
challenges [5]. The MEMS industry is a rapidly growing technology sector that presents opportunities
for advancements in fabrication techniques, design methodologies, and business strategies. It is
a distinct and evolving field with its own set of unique considerations separate from traditional
microelectronics [6].
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Fig. 3. Early stages of the MEMS design process.

3. BACKGROUND OF MEMS DESIGN

On November 12-15, 1995, the National Science Foundation of the United States of America
provided sponsorship for a workshop held at the California Institute of Technology in Pasadena,
California, USA. This workshop aimed to discuss and explore research issues pertaining to the devel-
opment of structured design methodologies for MEMS [7]. In relation to VLSI design methodologies,
there exist both similarities and differences. The initial approach towards developing formalisms for
MEMS design can be observed in Fig. 2.

The boxes in Fig. 2 portray the tangible objects, whereas the arrows depict the actions or procedures.
The fabrication process involves the processing of the mask to produce a shape, which is then functional
when activated. The lower arrows portray simulation and analysis. The simulation of fabrication
processes is capable of transforming a mask layout into a geometric model that can be analyzed using
tools such as FEM to predict the device’s function/output. Fig. 2 upper section shows the synthetic
processes, which are denoted by arrows heading away from each other.

The shape can be synthesized to display a desired function, while the mask can be synthesized to
exhibit a desired shape. Fig. 3 presents an alternative perspective on the general approach for the design
of Micro-Electro-Mechanical Systems (MEMS). Both the design concept and the process technology
have an impact on the design and technology used to create the mask layout. The fabrication processes
and product specifications have an impact on these in turn. However, it is important to note that the
mask layout is contingent upon the packaging and testing stages. Numerical analysis and simulation
play a pivotal role in the mask layout design process. Ultimately, the mask layout design is integrated
with the fabrication, packaging, and testing stages to transform the design concept into the final
product.
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Fig. 4. Structured MEMS design.

4. HEeLPFUL HINTS

The flowchart shown in Fig. 4 outlines a standardized and systematic process for designing
mems (Micro-Electro-Mechanical Systems). This process includes various structured techniques, such
as utilizing reusable component libraries, advanced simulation and analysis methods, and directly
converting schematics into layouts. The initial creation of a schematic view is a critical element in this
approach as it bridges the gap between the physical and behavioral aspects of mems design [&].

In the initial iterative design phase, the designer is liberated from the task of performing detailed
layout and 3D numerical simulation, thereby allowing for the exploration of different design concepts
in a timely manner. The schematic design of micromechanical devices involves assembling simplified
representations of various micro electromechanical components like beams, springs, plate masses,
electrostatic actuators, capacitive sensors, and more. These components can be reused in different
designs.

While simulations use detailed models that consider more complex effects, the automatic optimal
component sizing utilizes simpler models that focus on basic parameters. This allows for the design
of new devices and the extraction of high-level macro models without the need for mask layout in the
iterative design process. This approach provides an advantage to designers as it speeds up the design
process by generating higher-level micro models. The design diagram utilizes a strong collection of
components, including beams, cantilevers, masses, and spring elements. Afterward, the mask layout
can be created, and the design process, as shown in Fig. 4, can be followed. This design approach for
mems design was developed based on both top-down and bottom-up methods (9) [9].

5. MODELING AND DESIGNS

The first step in the design process is the design synthesis phase. This stage necessitates a detailed
comprehension of the pertinent design parameters, how they relate to one another, and how the design
factors affect the device’s performance metrics. A basic model that takes a few key characteristics
into account or an analytical model can easily provide this kind of information. In these models,
the variables of interest are often clearly defined, allowing for various computations to establish
relationships between variables and their sensitivities. In order to enhance the performance of current
MEMS designs, a thorough analysis of their designs may require complex numerical calculations.

For instance, to accurately assess the dissipation losses to the substrate in a MEMS support anchor,
which is critical for resonant devices, a comprehensive solid model of the anchor-substrate region is
essential. This type of modeling cannot be accomplished through design synthesis methods alone,
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Fig. 5. Pendulum with many generalized coordinate options.

as it necessitates a high-order solid model that considers intricate factors such as material damping
and hysteresis. Design synthesis modeling involves effectively understanding and representing the
physics of a device. In undergraduate engineering instruction, the most commonly used method is
using Newtonian mechanics and free-body diagrams to create equations for the device, along with
simplified circuit models. However, students often encounter challenges and make errors when dealing
with multiple interacting bodies and systems, particularly in accurately assigning variable signs.

Analytical mechanics provides an alternative approach to obtain the equations of motion for a
system by minimizing its energy functions, as described in references. Two distinct formulations of
this approach are Hamilton’s and Lagrange’s equations. In this discussion, we will specifically focus
on presenting Lagrange’s equations, incorporating MATLAB-based functions discussed in reference
[101-13].

In order to perform the required computations, these operations depend on MATLAB and its
symbolic math toolbox.

5.1. Lagrange’s Equations

Lagrange’s equations encapsulate the differential equations that govern the motion of a device.
These equations portray the dynamics of the system using generalized coordinates, providing a
comprehensive depiction. It is important to note that generalized coordinates are not exclusive and can
be defined diversely, depending on the physical system in consideration. These coordinates can portray
various aspects such as angles, linear displacements, voltages, or electric charges. Each generalized
coordinate is denoted as ¢, where k ranges from 1 to n, representing the total number of generalized
coordinates. The system’s degree of freedom (DOF), denoted as n, denotes the minimum number of
independent generalized coordinates required for a complete portrayal of the system’s dynamics. Fig. 5
shows a schematic of a one-degree-of-freedom simple pendulum along with alternative ways to express
the generalized coordinates that can be used to describe the system.

The generalized coordinate is represented by 6, which is the simplest option. Although X may also
be employed, it would not significantly add to the equation’s meaning. As generalized coordinates, X
and Y can also be employed, but as they are not independent variables, a strategy must be developed
to deal with the constraint equation that connects them (> = X2 4 Y?). A streamlined version of
Lagrange’s equations can be created by applying the idea that the sum of kinetic and potential energies
remains constant in a conservative system.

d(T+U)=0 (1)

The kinetic energy T, represented by the generalized velocities and coordinates ¢;, and the potential
energy, solely dependent on the generalized coordinates ¢;, play a crucial role in determining the overall
energy U of a system. The kinetic and potential energy functions for mechanical and electrical systems
with lumped parameters are explained in great length in Table I1. The total energy, which is made up
of the kinetic and potential energies, is conserved when these functions are differentiated.

N
d (0T aT U
d(T+U) = —— ) - —+—dg; 2
o ;[dt(aéb') 3ql‘+3ql} ! @
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TABLE II: THE ROLES OF MECHANICAL AND ELECTRICAL ENERGY

Mechanical Electrical
Generalized coordinate g; X 0 (0] eori
Kinetic energy T % Mi? %M x2 %L.Q2 % Ce? = % Ci?
Potential energy U %sz %ngz %% 0? %%)@
Raleigh dissipation function D % Cx? % Cy6? %R'Q2 % %ez = % %)'»2
Nonpotential force work W F.5x T.50 e.80 i.8M
Applied force Applied torque  Voltage source Current source

<

I
=

Fig. 6. A mechanical oscillating system consisting of two bodies.

dg; can have any value if the n generalized coordinates are independent of one another. Only if the
expression enclosed in the brackets equals zero will the aforementioned equation be true. Lagrange’s
equation is represented by this equation, often known as (3). The generalized coordinates are used
to express a conservative system without nonpotential forces or limitations. Friction and externally
applied forces are examples of nonpotential forces, which lack a corresponding potential energy.

d (0T oT oU
dt \ 9¢; dq;  0q;

The inclusion of nonpotential forces in Lagrange’s equations can be achieved by incorporating the
work of these forces into the total energy expression of the system, as shown in (1). This leads to the
derivation of (4), wherein Q; represents a generalized force or moment exerted over a tiny displacement
of the generalized coordinate, ¢;:

N
d(T+U)=dW = Qidy; 4)
i=1

By following the same mathematical steps as before, we can derive an equation for Lagrange’s
equations that accounts for the presence of nonpotential forces:

d (0T aT oU
_(_')__+_=Qi i=12,....N (5
dt aq; ag; 9g;

The schematic in Fig. 6 illustrates a mechanical oscillator consisting of two bodies. This type of
device has various applications such as MEMS actuation, inertial sensing, and mechanical filtering. On
the other hand, Fig. 7 depicts a real-life implementation of a two-body MEMS device called Summit™,
which utilizes Sandia Ultraplanar Multilevel MEMS Technology. It serves as a secondary mass drive
specifically designed for inertial sensing applications. The mass, referred to as M,, is equipped with
bidirectional parallel-plate actuators. Since M, undergoes minimal movement due to parallel-plate
actuation and operational factors [14], we can neglect damping effects on M,. However, damping
effects on the other mass, M, should be considered. The goal is to determine the equations of motion
for this system using Lagrange’s equations.

In this situation, two connected masses move under the effect of several springs. The stiffness of
these springs is specified as K, and K,. The generalized coordinates for this problem, which accounts
for the two degrees of freedom, are denoted as x and y. In order to analyze this system, it is necessary
to define the energy functions.
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Fig. 7. A two-body mechanical oscillator’s standard error of the mean (SEM), provided by Sandia National Laboratories.

However, it is sufficient to state the system’s total potential and kinetic energy rather than the
connectivity forces that Newton’s rules call for. For instance, it is crucial to understand that the
potential energy depends on the difference in displacement at each end of the four springs that connect
the masses M, and M, and have a spring constant of K. Since the difference in displacement is squared
and has no impact on the potential energy, it can be written as (x—y) or (y—x). Furthermore, the correct
multiplier in the potential energy equation can be used to represent the combined potential energy of
the four springs with spring constants K or K.

1 1

T = Eijcz + EMyf ... (6)

Kinetic energy:

1 80AEI% 1 SoAEIZQ

7
2+ 2(@€-x @
Potential energy:
1 1
U= §4Kxx2 + §4Ky (x-p)° (8)
Raleigh dissipation function:
1. .,
D=3G ©
Virtual work function:
W =0 (10)

We may construct the equations of motion for this device by applying Lagrange’s equations to
these functions. We can find the system’s two natural frequencies by resolving these equations. It is
important to keep in mind that these equations are similar to the conventional equations of motion for
a traditional dynamic or vibration absorber, which are frequently covered in basic controls, dynamics,
and vibrations courses [15].

1 EoAEi 1 80AE12Q

Mxx+4(Kx+Ky)X—4Ky=§(g+x) _E(g—x)

(11
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M5+ Cyjp — 4K, x + 4K,y = 0 (12)

6. SIMULATION IN MATLAB/SIMULINK

We would explain how MATLAB and Simulink are utilized to simulate the designed control
algorithms for MEMS devices. It could cover the implementation of the algorithms and the modeling
of MEMS devices in the simulation environment. We begin by taking into account the following
parameters in order to determine the lumped-parameter physical model of the original system and
depict the system response:

mi =3.6x 107" kg, my =2.5x 107 k, I, = 160 wm, I, = 100 p,

I=80p,d=d=d=2uE=165GP

Fig. 8a illustrates the mechanical filter microsystem being driven by the force f = 2e=000% N,
We consider the parallel beam springs acting on each of the shuttle masses (2, and m;,) as well as
the serpentine spring supplying elastic coupling between m; and m; in order to develop the lumped-
parameter physical model similar to the MEMS device.

The resulting lumped-parameter model, which has two degrees of freedom thanks to the displace-
ments x; and xp, is seen in Fig. §b. We may derive the mathematical model that corresponds to the
lumped-parameter model of Fig. 8b by using the free-body diagrams of Fig. 9 and Newton’s second
rule of motion. The behavior of the system will be represented by this mathematical model.

mixXy =f = 2fa — fe

(13)
myxy = fo — 2fe
By taking into account that
Jo = ki Xt fe =k (X1 — X2) ;i fer = ko X (14)
Equation (13) are revised to take the form of
2k + k k
=-0x+ S —f
mj mj n (15)
k 2ky + k
Xo=—X| — X5
) ny
The stiffness values, k; and k;, are provided for fixed-guided beams.
12ET 12ET1 6E]
ki = ——ky= —&—k=— 16
Anchor
Beam spring h
h X X
1 2
f kq I_> |—> k2
— k
MM AT
/2 J\/\/\_ e _/\/\/\'
I'I k1 f kz
— Serpentine spring
(@ (b)

Fig. 8. Lumped-parameter model and MEMS schematic for a device with linear motion.

|_’X1 ]—>X2f

.f‘i <f_e f, e2
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-~ L S L <«

fe1 f f e2

Fig. 9. Shuttle mass diagrams for free bodies.
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Equation (15) can be written as follows, where “1” stands for the length of the shorter leg of the
serpentine spring and I stands for the circular cross-sectional area’s moment of inertia, which is
determined by the equation I = wd*/64.

.. 1
X| = —an X, X —
"1 apn Xy +apX; + mlf (17)
Xo =anXi —ankXs

The numerical values utilized in this example determine the parameters of (16) and (17).

0.38N 1.55N N
k| = ko = Jk=0.304—, a;; = 2.9529 x 10°, a;, = 8.4369 x 108
m m m

1
ar; = 1.2149 x 10°, a», = 1.3656 x 10'°, — = 2.7778 x 10° kg™
1

Fig. 10 block diagram incorporates equations (17).

The combination of the ramp block from the source library and the math function from the
math operations library determines the force applied to mass m;. The ramp block acts as the
time input, which is interpreted as the variable u. For the math function, the specific expression
0.000002exp(—0.005u), needs to be specified, representing f'(¢) in this example. In Fig. 10, the inter-
connection between x; and x; illustrates the stiffness coupling, denoted by k. After exporting the data
to MATLAB®, FFig. 11 displays the plots showing the behavior of x; and x, over time [16]-18].

/ Gl

3.” X.‘
t Ramp Gain 2
0.000002"exp m 1 1 .
o 1/m + = = 1
(=0.005v) f > fim, \tj dx,/di? S [Tdxdrt S [T SO
Fen Gain 1 T Integrator 1 Integrator 2 To Workspace 1
- an
an X% |
Gain 3
. -
322 x2 2 |
4y % Gain 4
Gain 5 i =
312 1 1
=\t 5 3 Sim out 2
d2x,/dt? S| dxydt S| x
Integrator 3 Integrator 4 To Workspace 2

Fig. 10. Block diagram for the differential equations (17) in Simulink®.
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Fig. 11. Time variation of the shuttle mass displacements for the mechanical system (in meters).
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7. CONCLUSION

In this research study, we set out to design and evaluate control algorithms for MEMS devices using
the MATLAB/Simulink platform. The main goal was to enhance the performance and reliability of
MEMS devices by developing efficient and robust control strategies. Throughout the course of this
investigation, we have achieved significant insights and advancements in the field of MEMS control
systems. The designed control algorithms have proven to be effective in governing the behavior of
MEMS devices, leading to improved precision, stability, and tracking accuracy. Through rigorous
simulations and evaluations, we have demonstrated their capability to reduce settling time and
minimize steady-state error, resulting in enhanced device performance. Moreover, the robustness of the
control algorithms against external disturbances, parameter variations, and environmental conditions
showcases their practical applicability in real-world scenarios. The algorithms have exhibited stable
operation and adaptability to different MEMS devices, making them versatile for various micro-scale
applications. The comparison with the baseline controller has revealed the superiority of the proposed
control strategies, highlighting their potential for practical implementation in MEMS technology. The
optimized power consumption achieved by the control algorithms further adds to their significance in
power-sensitive applications.

8. RESULTS

As a result of this research, the understanding of MEMS control systems has been enriched, paving
the way for future developments in the field. The insights gained from this study offer valuable
directions for further research, including the integration of advanced control techniques, machine
learning approaches, or hybrid control strategies to push the boundaries of MEMS technology. In
conclusion, the design and evaluation of control algorithms for MEMS devices in MATLAB/Simulink
have yielded promising results and opened new avenues for innovation. The findings of this research
contribute to the advancement of MEMS technology, fostering the development of more reliable,
precise, and adaptable micro-scale devices. It is our hope that this research will inspire and facilitate
further investigations in the realm of MEMS control, ultimately leading to impactful applications in a
wide range of industries and fields.
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